Coumestrol (Cou) is a plant-derived phytoestrogen that induces various pathologies in the female reproductive tract. Although effects of phytoestrogens on reproductive function in other species are well documented, their influence on progesterone (P 4 ) and prostaglandin (PG) secretion in the mare is unknown.
INTRODUCTION
Coumestrol (Cou) is a phytoestrogen found in clovers, alfalfa, and other leguminous plants that are food sources for both humans and farm animals. The ingestion of pasture clover or soybean products rich in phytoestrogens causes infertility or fertility disturbances in women [1] , sheep [2] , cows [3, 4] , or rats [5] . The phytoestrogens exert their biological activity by mimicking the action of endogenous estrogens, acting as estrogen antagonists, altering the pattern of synthesis and metabolism of endogenous hormones, and modifying hormone receptor values [6, 7] . Their effects on the body were described at the systemic [1] [2] [3] [4] [5] and cellular [3, [8] [9] [10] [11] [12] ] levels in several species and humans. Besides central regulations, endocrine disruption seems to be especially and directly pronounced in the reproductive tract, affecting progesterone (P 4 ) and 17-b estradiol (E 2 ) production in the ovary [8] [9] [10] or prostaglandin (PG) secretion in the uterus [3, 11, 12] . Prostaglandins and P 4 are fundamental for estrous cycle regulation and events occurring in the reproductive tract [13, 14] . Disturbances in their production lead to imbalance in the endocrine environment.
Direct effects of phytoestrogens on the reproductive tract have been described in ruminant species. Feeding heifers with a diet rich in soybeans increased levels of 13,14-dihydro-15-ketoprostaglandin F 2a (PGFM) in blood plasma throughout the first 21 days after ovulation [3] . The higher levels of PGFM were positively correlated with equol and p-ethyl phenol concentrations in blood plasma [3] . Furthermore, the equol and p-ethyl phenol affected PG production in endometrial tissue culture in vitro [3] . In heifers fed phytoestrogen-rich fodder, the concentration of P 4 in the corpus luteum (CL) tissue was lower than in heifers fed a standard diet [10] . Additionally, blood concentrations of P 4 in soybean-fed heifers were lower than that in animals fed a standard diet from Day 12 of the estrous cycle [10] . However, there were no differences between the length of the estrous cycle in heifers fed a standard diet and that of heifers fed a phytoestrogen-rich fodder [10] . The study showed that equol and para-ethyl-phenol inhibited luteinizing hormone (LH)-stimulated P 4 secretion in bovine CL in a microdialysis system in vitro [10] . However, there are no data concerning direct effect of phytoestrogens on local mechanisms regulating the reproductive tract in mare. Our previous work showed that Cou and its metabolite (methoxycoumestrol) were present and increased in plasma of mares soon after they were fed for 14 days on increasing amounts of alfalfa pellets [15] . In several species, Cou has been identified as one of the most potent endocrine disruptors [16] [17] [18] [19] the impact of Cou directly on the equine female reproductive tract is limited, but, based on the studies carried out in other species [5, 8, 9, [16] [17] [18] [19] , we expect it exists. The aim of this study was to determine if Cou affects P 4 and PG concentrations (in vivo) and endometrial PG secretion (in vitro) in the mare.
MATERIALS AND METHODS

Animals and Endometrial Tissue Collection
In vivo study. Eight nonpregnant, healthy Lusitano mares (5-10 yr of age) were used in the study as described previously [15] . Normal husbandry procedures, such as deworming and vaccinations, were routinely performed. The animals were handled with care during all experimental procedures. The protocol was approved by the Ethical Committee of the Faculty of Veterinary Medicine, University of Lisbon, Lisbon, Portugal.
In vitro study. Uteri and blood were collected post mortem from cyclic mares (n ¼ 15) at a local abattoir. The mares were euthanized after stunning, according to the European Legislation rules concerning welfare aspects of animal stunning and killing methods (EFSA, AHAW/04-027). In addition, all procedures for animal handling and tissue collection were approved by the Local Animal Care and Use Committee in Olsztyn, Poland (Agreement No. 51/ 2011). The mares were healthy as declared by official governmental veterinary inspection. The biological material was collected within 5 to 10 min of the animals' deaths. Immediately prior to death, peripheral blood samples were collected into heparinized tubes (Monovettes-Sarstedt, Numbrecht, Germany) for later P 4 analysis. The phases of the estrous cycle were identified based on P 4 analysis of blood plasma and macroscopic observation of the ovaries [20, 21] . The early luteal phase of the estrous cycle was characterized by the presence of corpora hemorrhagica with large central cavity filled with blood.
In the mid luteal phase of the estrous cycle, the developed CL was associated with follicles 15 to 20 mm in diameter. In the late luteal phase of the estrous cycle, a regressing CL was present, together with follicles 30 to 35 mm in diameter. The follicular phase of the estrous cycle was characterized by absence of an active CL and the presence of a follicle with various sizes but always .35 mm in diameter [20] .
Endometrial tissue was fixed in buffered 4% paraformaldehyde for histological analysis [15] and characterized according to the classification system developed by Kenney and Doig [22] , based on inflammatory and degenerative changes. Only cells derived from endometria that were class I according to the classification by Kenney and Doig [22] were assigned to our present study.
For cell culture, the whole uterine horn was immediately collected within 5 to 10 min of the animal's death, placed in sterile saline supplemented with gentamycin (20 lg/ml; product G1272; Sigma-Aldrich) and 0.1% bovine serum albumin (BSA; product A9056; Sigma-Aldrich), kept on ice, and transported quickly to the laboratory.
Epithelial and Stromal Cell Isolation and Culture
A total of 15 uteri in the early luteal phase (Days 2-5 of the estrous cycle) were used. The equine epithelial and stromal cells were isolated following methodology described previously [23] . Endometrial cells were cultured at 388C in a humidified atmosphere of 5% CO 2 in Dulbecco modified Eagle medium/nutrient F-12 Ham medium (DMEM/Ham F-12; product D8900; Sigma-Aldrich) supplemented with 10% fetal calf serum (product C6278; Sigma-Aldrich) and antibiotic and antimycotic solution (product A5955; Sigma-Aldrich); the medium was changed every 2-3 days. After reaching 90%-95% confluence (5-6 days for stromal cells; 7-8 days for epithelial cells), the cells were trypsinized as described previously [23] . Next, depending on the experiment, epithelial cells were seeded at a density of 5 3 10 5 viable cells/ml, and stromal cells at a density of 2 3 10 5 viable cells/ml in 24-well plates. The viability was 80% and 90% for epithelial and stromal cells, respectively. The homogeneity of cell cultures was evaluated using immunofluorescent staining for specific markers of epithelial (cytokeratin) and stromal (vimentin) cells, as described previously [23] .
Experiment 1: Effect of Cou in Alfalfa Pellets on P 4 , PGE 2, and PGFM Levels in Mare Blood
The experiment was carried out for 14 days in mares (n ¼ 8) kept in stalls with wood shaving bedding (Fig. 1 ). Estrus and estrous cycle stage were determined based on ultrasonography and on plasma levels of P 4 in blood collected from the jugular vein on Days 0, 13 and 14 of the experiment. All mares included in this study were in estrus when the experiment started (Day 0 of the experiment) and in the mid luteal stage at the time when blood collection started (Days 13 and 14 of the experiment).
FIG. 1. Mare feeding and blood collection.
Mares from the control group were fed a standard diet. The alfalfa group was fed increasing amounts of alfalfa pellets, from 250 g on Days 1-3 to 1 kg/day on Days 10-13, which replaced the same amount of commercial compound feed. On Day 13, blood samples were collected from all mares at 0-4, 6, 8, and 24 h after feeding.
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In this study, material (blood samples) was collected from the same mares (n ¼ 3; alfalfa group) that were previously used in Experiment II as described in our recent report [15] , in which concentrations of Cou and its metabolites were determined. The same procedure of feeding with increasing amounts of alfalfa was carried out for one additional mare to increase the number of animals in the experimental group. Generally, each mare from the alfalfa pellets group (n ¼ 4) was fed 3 kg/day of concentrate (a commercial compound feed) and 8 kg of wheat straw [15] . In this group, increasing amounts of alfalfa pellets (250 g on Days 1-3; 500 g on Days 4-6; 750 g on Days 7-9; and 1 kg on Days 10-14 of the experiment) were added to their daily feed, keeping the final amount of concentrate at 3 kg/day. Additionally, four mares of the control group were fed 3 kg/day of a commercial compound feed and 8 kg of wheat straw.
On Day 13 of the experiment, an indwelling catheter (Braunüle MT Luer Lock; ref. 4206487; B. Braun) was placed in the jugular vein. Sequential samples of venous blood were collected on Day 13 at 0 h (mares were fed immediately after blood collection), and at 1, 2, 3, 4, 6, 8 and 24 h (Day 14 in the experimental design) after feeding. Blood plasma was obtained by centrifugation and kept frozen at À208C until further analysis of P 4 , PGE 2 , and PGFM.
Experiment 2: Effect of Cou on Endometrial PG Production
Effect of Cou on PG secretion by endometrial cells in vitro. Epithelial (n ¼ 5) and stromal (n ¼ 5) cells derived from passage I were placed in a 24-well plate in DMEM/Ham F-12 medium supplemented with 10% fetal calf serum and antibiotic and antimycotic solution. When the cells reached approximately 90% confluence, the medium was replaced with fresh DMEM without phenol red (product D2960; Sigma-Aldrich) supplemented with 0.1% BSA and antibiotic and antimycotic solution. The most effective dose of Cou was established in a preliminary in vitro study (data not shown) and based on the Cou concentration in mare blood plasma [15] . The concentration of Cou was determined in the blood plasma in mares kept on clover and grass-mixed pastures and supplemented with concentrate and hay or wheat straw [15] . The epithelial and stromal cells were incubated with vehicle (0.1% EtOH), E 2 (10 À9 M), or Cou (10 À8 M) for 24 h. Oxytocin (OXT; 10 À7 M) was used as a positive control. After culture, cell medium were collected in tubes with 5 ll of stabilizer solution (0.3 M EDTA, 1% acetylsalicylic acid solution, pH ¼ 3), and frozen at À208C until further PG measurement. DNA was isolated according to the TRI reagent manufacturer's procedure. DNA content was used to standardize the results.
In vitro effect of Cou on PG synthase mRNA transcription and protein expression in epithelial and stromal cells in vitro. Stromal (n ¼ 5) and epithelial (n ¼ 5) cells derived from passage I were placed in separate 24-well plates. When the cells reached approximately 90% confluence, the medium was replaced with fresh DMEM without phenol red, supplemented with 0.1% BSA and antibiotics and antimycotic. Epithelial and stromal cells were incubated with vehicle (0.1% EtOH), E 2 (10 À9 M), or Cou (10 À8 M) for 24 h. Then, the culture medium was removed and 250 ll of Fenozol (A&A Biotechnology; 031-100) was added to each well. Cells were removed and kept frozen for mRNA isolation. For protein isolation, after culture medium removal, cells were washed twice with PBS and 250 ll of radioimmunoprecipitation assay (RIPA) buffer with a protease inhibitor cocktail (product 11697498001; Roche) was added to each well. Cells were collected and kept frozen for protein isolation.
In vitro effect of Cou on epithelial and stromal cell viability. Stromal (n ¼ 5) and epithelial (n ¼ 5) cells derived from passage I were placed in a 96-well plate. When the cells reached approximately 50% confluence, the medium was replaced with fresh DMEM without phenol red, supplemented with 0.1% BSA and antibiotics and antimycotic solution. Then, these endometrial cells were incubated with vehicle (0.1% EtOH) or Cou (10 À8 M) added to the culture medium. After 24 h, cell proliferation was measured by the MTT assay (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) method, using a TOX-1 kit (product 7H258; Sigma-Aldrich), according to the manufacturer's instructions.
Total RNA Isolation and cDNA Synthesis
Total RNA was extracted from Experiment 2 endometrial cells, using the Total RNA Prep Plus kit (A&A Biotechnology; 031-100), according to the manufacturer's instructions. RNA samples were stored at À808C. Before use, RNA concentration and quality were determined spectrophotometrically and with agarose gel electrophoresis. The absorbance ratio at 260 nm and 280 nm (A 260/280 ) was approximately 2. One microgram of RNA was reverse transcribed into cDNA using a QuantiTect reverse transcription kit (product 205311; Qiagen) according to the manufacturer's instructions. The cDNA was stored at À208C until real-time PCR was carried out.
Real-Time PCR
Real-time PCR was performed using ABI Prism 7300 sequence detection system with SYBR Green PCR Master Mix (product 4309155; Applied Biosystems). The sequences for equine prostaglandin-endoperoxide synthase-2 (PTGS-2), prostaglandin E synthase (PGES), and prostaglandin F synthase (PGFS) primers were published elsewhere [24] . The sequence and validation for the housekeeping gene b-actin (ACTB) was described by Cappelli et al. [25] . All primers were synthesized by GenoMed. Total reaction volume was 20 ll and contained 1 ll of cDNA (5 ng), 2 ll each of forward and reverse primers (250 nM), and 10 ll of SYBR Green PCR Master Mix. Real-time PCR was carried out as follows: initial denaturation: 10 min at 958C; followed by 40 cycles of denaturation (15 s at 958C), and annealing for 1 min at 608C. After each PCR, melting curves were obtained by stepwise increases in temperature from 608C to 958C to ensure single-product amplification. Product specificity was also confirmed by electrophoresis on 2% agarose gel. Data were analyzed using the method described by Zhao and Fernald [26] .
Western Blotting
Western blotting was performed as described previously [27] . Briefly, for immunoblotting, protein was obtained from total cell protein. Endometrial cells were collected from plates on ice in RIPA buffer containing 150 mM NaCl, 50 nM Tris base, pH 7.2, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, and 5 mM EDTA in the presence of a protease inhibitor cocktail. Lysates were sonicated and centrifuged at 12 000 g for 15 min at 48C. The protein samples were stored at À208C for further analysis. The protein concentration was determined using the bicinchoninic acid protein assay kit (product 23225; Thermo Scientific). Equal amounts (30 lg) of protein were dissolved in SDS gel-loading buffer (50 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, and 2% b-mercaptoethanol), heated to 958C for 5 min, and separated using 10% or 15% SDS-PAGE. Separated proteins were electroblotted using a semi-dry transfer method onto polyvinylidene fluoride membranes (product # IPVH00010; Millipore) in transfer buffer (0.3 mM Tris buffer, pH 10.4, 10% methanol; 25 mM Tris buffer, pH 10.4, 10% methanol; and 25 mM Tris buffer, pH 9.4, 10% methanol, 40 mM glycine). After blocking in 5% nonfat dry milk in TBS-T buffer (Tris-buffered saline, containing 0.1% Tween-20) for 1 h at room temperature, the membranes were incubated overnight with rabbit polyclonal anti-PTGS2, anti-PGES, and anti-PGFS (products SAB4502491 and T6079 [respectively; Sigma] and product ab84327 [Abcam]), dilution for all three antibodies was 1:500, or mouse monoclonal anti-b-actin antibody (0.05 mg/ml; product A2228; Sigma) at 48C. Subsequently, the proteins were detected by incubating the membranes with secondary polyclonal anti-rabbit alkaline phosphatase-conjugated antibody (product A3812; Sigma), 1:30 000 dilution for PTGS2, PGES, and PGFS, or secondary polyclonal anti-mouse alkaline phosphatase-conjugated antibodies (product 3562; Sigma), 1:30 000 dilution, for 1.5 h at room temperature. After being washed again in TBS-T buffer, immune complexes were visualized using the alkaline phosphatase visualization procedure. For densitometric analysis, the blots were scanned, and the specific bands were quantified using 1D Image analysis software (Eastman Kodak). b-Actin was used as an internal control for protein loading.
PG and P 4 Determination
The concentration of PGE 2 in conditioned media was determined using the Prostaglandin E 2 EIA kit (product 514010; Cayman Chemical Co.) according to the manufacturer's instructions. The concentration of PGF 2a was determined using the direct enzyme immunoassay (EIA) method, as described by Uenoyama et al. [28] with modification. The PGFM concentration was measured using 13,14-dihydro-15-keto prostaglandin F2 a EIA kit (Cayman Chemical Co.) according to the manufacturer's instructions. The standard curve for PGE 2 ranged from 16.5 to 1000 pg/ml. The intra-and interassay coefficients of variation (CV) were 9% and 11%, respectively. The standard curve for PGFM ranged from 5000 to 2.3 pg/ml. The intra-and interassay CVs for PGFM were 10% and 13%, respectively.
The concentration of P 4 in blood plasma was determined using EIA, as previously described [29] . The standard curve for P 4 ranged from 0.0925 to 25 ng/ml and intra-and interassay CVs were 9% and 10%, respectively. The antibodies used (anti-P 4 ; code SO/91/4; kindly donated by Dr. S. Okrasa, University of Warmia and Mazury, Olsztyn, Poland) were characterized previously [30] .
Coumestrol and Methoxycoumestrol Determination
The Cou and methoxycoumestrol determination was prepared as described recently [15] .
COUMESTROL AFFECTS HORMONE SECRETION IN THE MARE
Statistical Analysis
In Experiment 1, the analyses of P 4 , PGE 2 , and PGFM in plasma samples collected from mares fed on a standard diet (control group) and mares fed on alfalfa pellets (alfalfa group) on Day 13 of the estrous cycle were performed using a repeated measures design with treatments (row factor) and time of sample collection (hours) being fixed effects with all interactions included (ANOVA tests followed by Bonferroni multiple comparison test; Prism version 6.10 [GraphPAD]). A P value of , 0.05 was considered significant, as described previously in our other in vivo studies [29, 31] . Least-adjusted means and standard errors were determined.
In Experiment 2, the normal distribution was tested. Whenever the assumptions of normal distribution were not met, nonparametric analyses were done. Data are mean 6 SD values obtained in separate experiments, each performed in triplicate. The statistical analysis of PG concentration and protein expression was performed using parametric one-way ANOVA followed by the Newman-Keuls comparison test (GraphPad software version 6). The statistical analysis of PG synthase mRNA transcription was performed using nonparametric one-way ANOVA Kruskal-Wallis test followed by the Dunn test. The statistical analysis of cell viability was performed using an unpaired Student ttest.
Coumestrol and methoxycoumestrol concentrations in mares' blood plasma within the group were performed using parametric Student t-test.
The results were considered significantly different when P , 0.05.
RESULTS
Experiment 1. Effect of Cou From Alfalfa Pellets on P 4 , PGE 2, and PGFM Level in Mare Blood
As shown in our previous study [15] , on Day 13, in the mares exposed to the controlled diet with alfalfa pellet concentrations of Cou and its metabolite methoxycoumestrol (both conjugated and free forms) increased after ingestion compared to that of the control (P , 0.001) ( Table 1) . Now, for the P 4 concentrations (Fig. 2A, different superscript letters) , two-way interactions were found between alfalfa and standard diets (P , 0.05). Moreover, three-way interactions were found ( Fig. 2A, asterisks) between alfalfa diet and standard diet and time of sample collection (P , 0.05). As analyzed using a repeated measures design approach, the P 4 concentration in blood plasma was down-regulated in mares fed the diet with alfalfa pellets (alfalfa group) compared with control mares at all hours of blood collection at Day 13 of the experiment (P , 0.05) (Fig. 2A) . PGE 2 concentrations in blood plasma were lower in the control group than in the alfalfa group on Days 13-14 of the experiment (P , 0.05) (Fig. 2B) . However, only two-way interactions were found between alfalfa and standard diets (P , 0.05) (Fig. 2, different superscript letters) .
The PGFM level in blood plasma was up-regulated in mares fed alfalfa pellets compared to that in the control group (P , 0.05) (Fig. 2C) . For PGFM concentrations, two-way interactions were found between alfalfa and standard diets (P , 0.05) (Fig. 2C, different superscript letters) . Moreover, three-way interactions were found between alfalfa diet and standard diet and time of sample collection (P , 0.05) (Fig. 2C, asterisks) . As analyzed using a repeated measures design approach, the PGFM concentration in blood plasma was up-regulated in mares fed the diet with alfalfa pellets (alfalfa group) compared with control mares at 0, 1, 3, 6 and 24 h of blood collection (P , 0.05) (Fig. 2C) . 
FIG. 2. Concentrations of P 4 (A), PGE 2 (B)
, and PGFM (C) in blood plasma from mares fed a standard diet (control group) or alfalfa pellets (alfalfa group) for 13 days. Blood was collected on Day 13 at 0 h (mares were fed immediately after blood collection) and at 1-4, 6, 8, and 24 h after feeding. Different superscript letters indicate two-way interactions between alfalfa and standard diets ( ab P , 0.05). Asterisks indicate threeway interactions between alfalfa diet, standard diet, and time of sample collection (*P , 0.05).
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Experiment 2: Coumestrol Effect on Endometrial PG Production
In vitro effect of Cou on PG secretion by endometrial cells. After 24 h, the basal in vitro PGE 2 and PGF 2a secretion from epithelial cells was 3.94 6 0.23 ng/lg DNA and 4.54 6 0.12 ng/lg DNA, respectively. The basic PGE 2 and PGF 2a secretion by stromal cells was 3.32 6 0.46 ng/lg DNA and 2.91 6 0.45 ng/lg DNA, respectively.
Oxytocin increased PGE 2 and PGF 2a secretion by both epithelial and stromal cells (P , 0.01) (Fig. 3) . In epithelial cells, E 2 as well as Cou increased PGE 2 and PGF 2a secretion compared to the control group (P , 0.05) (Fig. 3, A and B) . However, in stromal cells, only Cou augmented PGE 2 secretion compared to the control group (P , 0.001) (Fig. 3C) . Moreover, both E 2 and Cou increased PGF 2a secretion with respect to the control group in stromal cells (P , 0.001) (Fig.  3D) .
Effect of Cou on PG synthase mRNA transcription and protein expression in endometrial cells in vitro. In both types of endometrial cells, both E 2 and Cou up-regulated PTGS-2 (P , 0.05) (Fig. 4, A and D) and PGFS (P , 0.05) (Fig. 4, C and  F) mRNA transcription compared to the control group. In epithelial cells, both E 2 and Cou up-regulated PGES mRNA transcription (P , 0.01) (Fig. 4B) .
Regarding protein expression, E 2 or Cou increased PTGS-2 protein expression in both epithelial and stromal cells (P , 0.05) (Fig. 5, A and D) . Nevertheless, E 2 and Cou both increased PGFS and PGES protein expression only in epithelial cells, compared with the control group (P , 0.01) (Fig. 5, B  and C) .
In vitro influence of Cou on endometrial cell viability. In both epithelial and stromal cells, Cou increased cell proliferation after 24 h incubation (P , 0.05) (Fig. 6, A and B) .
DISCUSSION
Data concerning the direct effect of circulating phytoestrogens on reproduction in the mare are limited. However, the presence of Cou in mare plasma may suggest that it directly affects reproductive physiology [15] , as reported in other species [5, 8, 9, [16] [17] [18] [19] . We have reported that long-term intake of pasturage containing Cou resulted in lack of ovulation, uterine edema, and uterine fluid accumulation [15] . The mares were temporarily infertile, and after removal of alfalfa-based haylage, uterine edema started to regress, and ovarian cyclicity resumed within 2 to 3 wk [15] . Also, in alfalfa-fed cows, symptoms of estrogenism such as enlargement of the uterus, cervical mucus discharge, swelling of the vulva, mammary development, cystic ovaries, and infertility have been found [16] . 
COUMESTROL AFFECTS HORMONE SECRETION IN THE MARE
The present study showed that Cou directly increased in vivo and in vitro uterine PG secretion in the mare. Moreover, our in vivo study showed that Cou from alfalfa pellets lowered P 4 profiles in blood plasma after 13 days of feeding. Our in vivo data concerning increasing levels of PGFM in the blood plasma are in agreement with those of Woclawek-Potocka et al. [3] found in the cow model. In the mare, PGF 2a has a luteolytic action [32, 33] , and PGs are potent hormones that regulate equine embryo migration [34] and implantation [14] . Disturbances in PG secretion by exogenous agents as Cou may lead to hormonal imbalance and impairment of each of these events. In the cow, phytoestrogens (daidzein and genistein) and their metabolites (equol and p-ethyl phenol) greatly increased PGF 2a production and moderately increased PGE 2 production during the luteal phase of the estrous cycle in the endometrial tissue culture [3] . This study suggest that phytoestrogens may directly disrupt reproductive efficiency (pregnancy rate) and uterine function by modulating the ratio of PGF 2a to PGE 2 , which leads to high, nonphysiological production of luteolytic PGF 2a in cattle during the estrous cycle and early pregnancy [3] .
The role of phytoestrogens in PG production is also well documented and detailed in bovine endometrial cells in vitro [11, 12] . A wide range of different plant endocrine disruptors: equol, para-ethyl-phenol, daidzein, and genistein increased PGE 2 and PGF 2a production by cultured bovine endometrial epithelial and stromal cells in vitro [11, 12] . However, there is no study showing a direct effect of phytoestrogens on PG endometrial production in mares. According to our findings in the present study, Cou is also a potent modulator of PG secretion from mare endometrial cells. Additionally, our study showed that Cou is also a stronger stimulator of PG production than E 2 . Coumestrol increased cell viability, suggesting that its action does not result from a cytotoxic effect. These results show that in epithelial cells, Cou increased PGE 2 secretion up to approximately 3.2-fold and PGF 2a up to 2.1-fold higher than in the E 2 -stimulated group. However, in stromal cells, E 2 did not stimulate PGE 2 secretion. In fact, in those cells, Cou increased PGE 2 secretion up to approximately 5.4-fold with respect to the E 2 -treated group. Our study showed that PG production in response to Cou may be explained by upregulation of PG synthase expression in endometrial cells. In both epithelial and stromal cells, Cou up-regulated PTGS-2 and PGFS protein expression. In addition, Cou increased PGES protein expression in epithelial cells. On the other hand, the study of Woclawek-Potocka et al. [11] showed that equol, para-ethyl-phenol, dadzeina and genistein did not affect PTGS-2 or PGES expression in bovine endometrial cells. However, expression of the prostaglandin F 2a synthase-like 2 (PGFSL) gene was up-regulated by phytoestrogens only in epithelial cells, whereas phytoestrogens did not stimulate PGFSL2 in stromal cells [11] .
Progesterone is critical not only for the establishment, but also for the maintenance of pregnancy, as well as uterine and mammary gland development. Establishment and maintenance of pregnancy occur both by P 4 endocrine and immunological effects [35] . Thus, because P 4 is a mandatory hormone for implantation and maintenance of pregnancy, our findings suggest that mares with a long-term intake of phytoestrogens rich alfalfa, the levels of P4 in blood may decrease and therefore potentially affect the pregnancy. Our data concerning P 4 concentration seems to be in agreement with data described by Piotrowska et al. [10] showed that in heifers fed phytoestrogen-rich fodder, secretion of P 4 was lower than in heifers fed a standard diet. Młynarczuk et al. [8] showing that in vitro Cou did not affect P 4 secretion from cultured luteal cells, but increased the production of OXT at the third to fifth, sixth to eighth, and ninth to 12th months of pregnancy. Additionally, Cou reduced PGE 2 production from luteal cells in all stages of pregnancy studied, while it down-regulated PGFM secretion only from Week 3 to 5 of pregnancy. The data reported by Piotrowska et al. [10] and Młynarczuk et al. [8] clearly show that phytoestrogens can directly affect CL function in the cow.
The growing body of studies show that Cou disturbed centrally regulating reproductive processes, gonadotropin production, and gonadotropin-depended production of ovarian 
hormones, which were not the subject of our research in mares. In rats, a phytoestrogen diet fed to mothers further induced premature anovulatory syndrome in lactation-exposed females pups [5] . Dietary phytoestrogens altered development of the neuroendocrine systems regulating ovarian function and gonadotropin secretion [5] . Coumestrol-treated females started estrous cycles but displayed significant acyclicity by 4 mo of age [5] . During lactation, rats exposed to Cou showed ovarian apoptosis [36] . Several other studies in rats reported that Cou increased uterine weight, decreased ovulation rate, increased embryo degeneration, and inhibited ovarian cycles [19, 37, 38] . Moreover direct effect of Cou on female reproductive tract is also well documented in others species. In cattle, Cou increased in vitro secretion of E 2 and P 4 by granulosa cells from follicles ,1 cm in diameter but decreased E 2 and P 4 production from luteal cells on Days 11-15 of the estrous cycle [9] . Młynarczuk et al. [8] showed that Cou adversely affects the secretory function of luteal cells in the first trimester of pregnancy in the cow. Coumestrol down-regulated PGE 2 secretion from the third to fifth, sixth to eighth, and ninth to 12th weeks of pregnancy and reduced PGFM secretion from the third to fifth weeks of gestation [8] . McGarvey et al. [17] showed that intravenous infusion of Cou resulted in inhibition of pulsatile LH secretion in the mare. Similarly, in ewes, during the breeding season, an increased concentration of Cou in the diet significantly decreased the amplitude of LH pulses although there was no effect on pulse frequency [18] .
For a thorough understanding of the direct impact of Cou on the reproductive tract in mares, further studies should be conducted. The effect of Cou on estrous cycle length, conception rate, and central mechanisms regulating ovarian steroids and local PG production from the CL should be determined. To summarize, our findings suggest that since Cou influences endometrial PG secretion, it might impair ovarian function, the uterine milieu, fertilization capacity and the ability to carry pregnancy to term.
